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Abstract 
Carbon dioxide (CO2) capture and storage (CCS) is an important option aimed at stabilizing the long term 
atmospheric levels of anthropogenic emissions of CO2, which is one of several greenhouse gases 
contributing to the global warming of our planet.  However, the weak policies and economic drivers for 
CCS have slowed down the commercialization of CO2 capture technologies needed for large scale 
removal. At the same time CO2 for the food and beverage industry is an existing and currently growing 
market for which the monoethanolamine (MEA)-based approach to provide CO2 is very energy intensive 
and in many cases not economical. Finding existing applications for next generation CO2 capture 
technologies at the small to medium-scale provides an important intermediate step for demonstrating and 
gaining the necessary knowledge required for further scaling up of novel CCS technologies.   
 
Low temperature CO2 capture represents a novel alternative to state-of-the-art MEA post-combustion 
technology. The separation process aims at reducing the flue gas temperature from ambient to a low 
temperature range at which the CO2 freezes to be able to be removed from the main gas stream in a solid 
phase. This study presents the results of the assessment of integrating a novel low temperature CO2 
capture technology into a Jenbacher reciprocating gas engine by investigating two different 
configurations of the low temperature CO2 capture process and comparing their performance with a state-
of-the-art MEA absorption process. Results indicate that both configurations of the low temperature CO2 
removal processes enable reduction of the specific energy requirement to capture CO2 by approximately 
35% compared to the state-of-the-art MEA process. 
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1. Introduction 
In the aftermath of the global financial crisis of the late 2000s, countries around the world are facing 
intense pressure to reduce their national debt whilst encouraging economic growth. The disturbances in 
the global financial market have also had a major impact on the energy markets worldwide and the 
outlook for the energy production sector is remaining challenging, particularly in the next few years. At 
the same time the events during the last two years (2010-2011) including the Deepwater Horizon oil spill 
in the Gulf of Mexico, the Fukushima nuclear accident in Japan along with the Arab Spring, which led to 
oil supply disruptions from North of Africa have emphasized not only the vulnerability of the global 
energy system but also the need to rethink the alternatives for the future [1]. Adding to this, the ever 
increasing energy demand, the continued extensive use of fossil fuels for power production and the 
than expected. According to t -
carbon economy is technically feasible, but not easy [1]. Carbon capture and storage (CCS) technologies 
have been proposed to add significant contribution in this transition. However the delay of policies and 
economic drivers for CCS has slowed down the commercialization of CO2 capture technologies needed to 
meet global decarbonisation targets. At the same time CO2 for the food and beverage industry is an 
existing and currently growing market for which the monoethanolamine (MEA)-based approach to 
provide CO2 is very energy intensive and in many cases not economical. Finding existing applications for 
next generation CO2 capture technologies at the small to medium-scale provides an important 
intermediate step for demonstrating and gaining the necessary knowledge required for further scaling up 
of novel CCS technologies. 
Low temperature separation of frozen CO2 from the flue gas is a novel alternative to state-of-the-art MEA 
post-combustion capture technology.  Within this separation process, flue gas temperature is reduced 
from the ambient temperature range to low temperatures required to freeze the CO2. The main benefits of 
this process include a potential reduction in the overall energy requirements compared to MEA while 
avoiding the use of chemical solvents for separating CO2 from flue gas. At ambient pressure and low 
temperature, CO2 changes directly from the vapor phase to the solid phase, which is called desublimation 
or anti-sublimation. The low temperatures necessary to change phase can be achieved through heat 
transfer (heat exchanger) or gas dynamics (expander, nozzle).  
 
Separating CO2 at low temperatures is a field that has gained increased knowledge in recent years and 
several technologies where low temperature CO2 phase changes have been explored. The anti-sublimation 
process developed by Clodic and Younes [2],[3] consists of desublimating CO2 on a low temperature 
surface (190K). The transformation of the carbon dioxide directly from its gaseous phase into a solid 
phase frosted on the cold surface allows CO2 capture at pressures slightly above atmospheric pressure. 
Another process is the condensed rotational separation in which the flue gas is cleaned by condensation of 
CO2 and mechanical centrifugal separation [4]. This concept was originally developed for cleaning 
contaminated natural gas, since it was normally extracted at high pressures and precooled by expansion. 
However, flue gases enter at atmospheric pressure and must be precooled by an integrated refrigeration 
cycle before entering the cyclone. A third technology is the cryogenic carbon capture (CCC) initially 
developed by Sustainable Energy Solutions (SES) [5], [6],which relies on slightly compressing and pre-
cooling the exhaust gas prior to precipitating the CO2 particles by decreasing the gas temperature in an 
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expander. After the particles are separated from the non-condensed gases in a cyclone, both streams are 
sent back to the heat exchanger to precool the incoming exhaust gas. Furthermore, ALSTOM [7] has 
developed an anti-sublimation process in which the expansion of the main gas stream is performed in a 
nozzle instead of an expander, this concept allows for reducing capital investment compared to the CCC 
technology, but the precooling system is more complex than using a simple recuperator. Another recent 
advancement within cryogenic CO2 separation is the supersonic swirl nozzle concept developed by ATK 
in collaboration with ACENT [8], [9], which by obtaining supersonic velocities inside the nozzle allows 
for low enough temperature and thus for a simpler process outline without the need for a recuperator or 
precooling system.  
 
The current work presents the results of the assessment of integrating GE´s novel low temperature CO2 
capture technology into a Jenbacher reciprocating gas engine, which provides an application to the 
existing CO2 market. The main objective of this study has been to investigate the performance of two 
different configurations of the low temperature CO2 capture technology and compare the results with the 
state-of-the-art MEA absorption process.  
2. Methodology 
Evaluation of the different CO2 capture configurations along with estimating the conditions of the flue gas 
at the gas engine outlet have been performed by process simulation. The Jenbacher J920 gas engine used 
in this study has a nominal power output of 9.5 MW. Since the exhaust gas leaving the engine provides 
sufficient heat to be utilized in a waste heat recovery system for additional power production, the low 
temperature cases evaluated also include an Organic Rankine Cycle (ORC).  For the MEA case an ORC 
has not been considered, since the heat available in the flue gas is needed for producing the necessary 
steam for the solvent re-generation. The three CO2 capture configurations investigated in this study are: 
 
a. State-of-the-art MEA absorption 
b. Low temperature CO2 capture process 
c. Low temperature CO2 capture process using a nozzle 
The main difference between b and c is the way the temperature of the flue gas is reduced to accomplish 
CO2 solidification. In the first, case this is achieved by utilizing an expander as described in Section 3.4 
while the second approach employs a supersonic converging-diverging nozzle as further explained in 
Section 3.5. All three CO2 configurations have been simulated in Aspen Plus [10] while the ORC has 
been modeled in Aspen HYSYS [11]. Furthermore, the impact of utilizing exhaust gas recirculation on 
the performance parameters has also been investigated. 
3. Process Description 
3.1. Design Basis 
The design basis for the CO2 freeze configurations evaluated in this study is summarized in Table 1, 
presenting the ambient conditions and the main performance features of the gas engine, characteristics of 
the flue gas and CO2 capture requirements considered within the scope of the present study. 
3.2. Jenbacher J920 
The Jenbacher J920 gas engine is a 9.5 MW power unit having a net electrical efficiency of 48.7%. The 
gas engine consists of mainly three main parts: engine, generator and turbocharger as illustrated in Figure 
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1. The turbocharger system (TCA) provides compressed air to the engine through the two-stage inter-
cooled turbo compressor, driven by the low pressure (LP) expander and the high pressure (HP) expander. 
The turbocharging system is a zero power consuming/producing unit; however the exhaust gas leaving 
the last expander stage provides sufficient heat to be utilized in an Organic Rankine Cycle (ORC) for 
additional power production. 
3.3. State-of-the-art MEA absorption 
The chemical solvent based capture process used in the comparison is a simple absorber and simple 
stripper absorption capture process based on aqueous alkaline solution of MEA 30-wt%. The selected 
solvent is characterized by high energy requirements, thermal degradation above 125°C and corrosion. In 
 
Table 1. Design basis parameters 
 
AMBIENT CONDITIONS   
Temperature 27 °C 
Pressure 1.013 bar 
Relative humidity 60%  
Air composition (mole)   
N2 77.29 % 
O2 20.74 % 
H2O 0.93 % 
CO2 0.30 % 
Ar 1.01 % 
GAS ENGINE J920 (50 HZ) [12]   
Electrical Output 9500 kW 
Electrical Efficiency 48.7 % 
Heat rate 7392 kJ/kWh 
Thermal Output 8100 kWth 
Total Efficiency 90 % 
ORC   
System Name GE O&G ORegen  
Organic Fluid Cyclopentane  
CO2 CAPTURE    
CO2 capture degree 90 % 
CO2 product temperature 20 °C 
CO2 product pressure 80 bar 
 
the absorber column, the CO2 contained in the flue gas reacts with the aqueous MEA. In the desorber, the 
reaction is reversed and the absorbed CO2 is heated up and stripped from the solution. Finally, purified 
CO2 is sent for compression while the regenerated solvent is cooled down and sent back to the absorber. 
The assumptions used for modeling the basic MEA process are presented in Table 2. After the capture 
process, the CO2 is compressed to 80 bar using a 6-stage integrally geared compressor train with 
intercooling at 45°C.  
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Fig. 1. The three main modules of the J920 [12] 
 
Table 2. Modelling assumptions for MEA based CO2 absorption [29] 
PARAMETER VALUE 
Columns diameter condition 80% flooding 
Temperature of flue gas and solvent at absorber inlet 40°C 
Stripper condenser temperature (°C) 40°C 
Packing type FLEXIPAC® 1Y 
Lean Loading [mol CO2/ mol MEA] 0,25 
Absorber /Stripper Height [m] 30 
Stripper Pressure [bar] 1,9 
Heat exchanger cold side approach [°C] 10 
Temperature approach in reboiler [°C] 10 
Flue gas/ solvent Inlet Temperature [ºC] 40ºC 
3.4. Low temperature CO2 capture process 
The flue gas leaving the ORC, having a content of approx. 4 mol% CO2 and a temperature of slightly 
above 100 °C, is first cooled down to ambient in a flue gas condenser to minimize the moisture content 
since the presence of water is undesirable for the process downstream. Most of the moisture removed 
from the flue gas could be recovered and used elsewhere. The virtually dry flue gas is subsequently 
pressurized in a multi-stage inter-cooled compressor. The pressure needed prior to the cryogenic cooling 
is determined by the CO2 content in the flue gas and the desired CO2 capture rate. The pressure must be 
sufficiently high to reach a temperature low enough in the final stage of cooling by expansion.  The 
pressurized flue gas is passed through a recuperative heat exchanger that cools the flue gas down to 5°C 
above the saturation point (to avoid solid formation in the heat exchanger) by exchanging cooling with 
the purified product gases. After reaching the desired temperature at the outlet of the heat exchanger the 
CO2 is removed by expanding the flue gas to slightly above atmospheric pressure in a turbine during 
which a significant temperature drop is achieved and the design specified amount of CO2 is solidified. 
The final temperature of the flue gas is determined by the specific capture requirements. The solid CO2 is 
separated from the main gas stream by a cyclonic passage before it is mechanically compressed to above 
its triple point (-56.6 °C, 5.18 bar) at which the transformation from solid into the liquid phase is achieved 
by exchanging heat with the incoming flue gas. The liquid CO2 is pumped to desired pressure at near 
ambient temperature while the gaseous N2-enriched stream is heated up by providing cooling duty to the 
incoming dry flue gas stream such as it returns to near ambient temperature, see Figure 2 for an 
illustration of the concept. 
 
 
 
Generator 
Engine TCA Module 
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Fig.2. Low temperature CO2 capture process 
3.5. Low temperature CO2 capture process using a nozzle 
The third configuration evaluated in this study is a further developed concept from the original low 
temperature approach aiming to reduce cost and operability risks by replacing the expander (see Figure 3) 
with a converging-diverging nozzle in order to avoid possible blade erosion and other design issues 
related to CO2 condensation in the rotating equipment.  
 
 
 
Fig.3. Low temperature CO2 capture process with nozzle  
 
The condensation process in supersonic nozzles is well known in the aerospace industry as an important 
consideration in wind tunnel design and operation. Drying and preheating of the test gas is necessary in 
high speed wind tunnels to avoid condensation of any gas component species, particularly water vapour. 
 
Several studies made originally by Wegener[13], [14], Oswatitsch [15], [16] and Schnerr [17] together 
with Zierep [18], [19]  presented the first approaches for modeling a multicomponent non-equilibrium 
condensing flow system in nozzles. These efforts were principally addressed to efficiently remove water 
from air streams and drying of natural gas, where the level of supersonic expansion is smaller because 
water condenses at higher pressure and temperature than carbon dioxide. In 1966 Duff [20], [21] used the 
Q1D condensing model developed by Wegener [13]to study the condensation of rapid expansion of a 
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pure CO2 stream flow. The goal was to determine the accuracy of existing nucleation theory in particle
formation prediction.
[22], developed to understand the particle formation in 
supersonic and especially hypersonic rocket nozzles. The impingement of these particles could represent 
a serious threat to the integrity of sensible parts in the International Space Station [23]
was later used by Castrogiovanni [24] to design a coal-derived syngas purification system. The model
was later adapted to design of the supersonic swirl nozzle developed by ATK and ACENT.
The outline of the proposed novel nozzle based system configuration is illustrated in Figure 3.  It consists
of an inlet compressor train with intercooling at TCTout, a heat exchanger for precooling and a supersonic
nozzle where CO2 is separated. After the nozzle the cycle includes a cooling device capable of decreasing
the temperature of the treated gases. 
The boundary conditions for the nozzle are given by the cycle requirements. Inlet boundary conditions are
the stagnation pressure, temperature, total mass flow and chemical composition. The inlet conditions are
limited by the requirement to avoid particle formation in the heat exchanger. Hence, the nozzle inlet
temperature (T01) should be minimum 5K higher than the saturation temperature (Tsat) at the inlet pressure 
(See Equation (1)).
(1)
The nozzle outlet conditions are given by the cooling device specifications. The cooling device is
designed to achieve a temperature 10K lower than the nozzle inlet temperature (heat exchanger 
temperature approach). In addition, the desublimation process increases the outlet total temperature (See
Equation (2)). Thus, the nozzle outlet boundary condition is a function of the desublimation ratio and the
inlet nozzle temperature and is given in regression form (See Equation (3)). The boundary conditions are
summarized in the following expressions according to the nomenclature presented in Figure 3
(2)
(3)
The nozzle itself has been modeled thermodynamically in the commercial software EES by incorporating
the different processes relevant for a multicomponent, multiphase and compressible gas flow by first 
considering the different processes separately. The six main processes that have been considered for this
purpose are: isentropic gas dynamics, gas dynamics with heat addition, mixture of gases, homogeneous
nucleation, particle growth and shockwaves/pressure recovery. Each of these processes and further details
of the thermodynamic modeling of the supersonic nozzle are extensively described by Hernandez-
Nogales in [25].
3.6. Equivalent work
In order to be able to compare the performance of the two low temperature CO2 capture technologies with
the conventional  MEA absorption process the concept of estimating the specific equivalent work was
applied to the MEA case. Calculation of the specific equivalent work is an approach that has been 
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extensively used within research to compare the overall energy requirements (heating, electricity) of 
different process configurations, capture technologies or solvents [26]- [29]. The equivalent work has in 
this study been estimated according the approach presented by Gonzalez-Salazar et al., [29] using the 
following equation:
Weq = (4)
Where WEq.Turbine is the equivalent work that otherwise could be generated in a steam turbine with the
steam condensing in the reboiler taking into consideration the de-superheating effect generally needed for 
the supplied steam in the solvent regeneration process. This equivalent work for the turbine is estimated
in a two-step approach outlined in [29] and will thus not be further described here. For the two low 
temperature approaches the specific work has been estimated by adding the electrical work needed
for/generated by the components: ORC, compressor, expander and pumps.
4. Results and Discussion
Results for specific work for MEA and the two different configurations of the low temperature approach 
are shown in Figure 4 left. The figure shows the variation in the specific work within one standard
deviation (±1 sigma) based on variation in the parameters presented in Table 3. The results indicate that 
for both configurations of the low temperature CO2 separation process, the specific work necessary to 
operate these CO2 separation units when integrated into a Jenbacher J920 engine are expected to be lower 
than that for MEA capture.
One of the main reasons for the higher specific work needed for MEA compared to the other two cases
the engine exhaust. This is because the excess heat is needed to generate the necessary steam needed for 
the reboiler and thus reduces the total power output considerably. However, the integration of the solvent 
based CO2 capture process into the Jenbacher J920 engine could be cumbersome. Results show that the
amount of heat available in the exhaust for generating the necessary steam, even without an ORC, is 
limited to about 90% of the total heat needed. This calls for supplementary firing to increase the amount
of produced steam, which results in a further reduction in the overall gas engine efficiency. Furthermore,
the higher specific work needed for the basic low temperature approach (~20% higher) compared to the 
outline encompassing a nozzle originates from the higher pressure needed to be delivered by the
compressor in order to remove 90% of the CO2 present in the flue gas. The CO2 capture ratio for the basic 
low temperature case is highly dependent on the pressure to which the flue gas is initially compressed.
The removal ratio is increased with pressure, if all other parameters are kept constant as illustrated in
Figure 5 to the left. For the nozzle configuration the de-sublimation ratio and thus the CO2 removal ratio 
is influenced by several factors including: the total conditions as the nozzle inlet (pressure and 
temperature), as well as the nozzle exit area which governs the outlet Mach number and thereby the
pressure recovery in the diffuser part of the nozzle. Higher de-sublimation ratios are achieved as the
nozzle exit area is increased; however this also gives rise to reduced pressure recovery which has an
unfavorable impact on the down-stream process. The interaction between pressure losses occurring in the
nozzle and the total de-sublimation ratio is shown in the right part of Figure 5.
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Table 3. Parameters and their range of variation for the different cases
Parameter MEA Low Temp Basic Low Temp Nozzle Unit
comp -5.5 / +8.9 -5.5 / +8.9 %
turbine -0.5 / +0.7 -0.5 / +0.7 %
Eq. Turbine -7 / +6 %
flue gas blower -12 / +12 %
CO2 compression -3.5/ +3.5 -5 / +5 -5 / +5 %
ORC -10 / +10 -10 / +10 %
2 concentration in the exhaust gas has an advantageous impact on the
equivalent work for MEA based capture systems [29]. This effect can be explained by the low mass
transfer driving force at low concentrations. If we compare using MEA, the energy requirement continues
to decrease further until the CO2 concentration reaches a level of approximately 12 mol%, after which a
slight increase is encountered due to reduced absorber performance resulting from excessive absorber 
column temperature which deteriorates the thermodynamic efficiency at the bottom of the column. The
impact of elevated CO2 concentrations on the performance of the low temperature configurations has also 
been assessed in this work. This has been accomplished by recycling 30% of the exhaust gas after the
Fig. 4 Specific work for the three different cases (left). Specific work for the low temeprature technologies with EGR (right)
ORC heat exchanger back to the gas engine which results in a CO2 concentration increase from 4 to 
approximately 6 mol%. The thermodynamic impact on the cycle performance for the two cases is limited
and for the nozzle configuration almost negligible. The specific work of the basic low temperature cycle
reduces by about 8%-points, which could be explained by the lower mass flow entering the cycle which
increases the absolute performance even though the turbine work is reduced simultaneously with the 
compressor work, but with different magnitude. On the contrary, the performance of the nozzle based
system is slightly reduced by introducing a flue gas with higher CO2 content (~2%-points reduction).
Even though the mass flow is reduced within the cycle, the characteristic behavior of the nozzle results in 
higher pressure losses for the same capture ratio which reduces the net power out for this case, slightly
more than the overall reduction in compression work.
5. Conclusions
GE is activiley contuinuing it
CO2 compression technologies aiming to develope technologies with lower energy requirement and less
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environmental impact than current state-of-the processes. This study has investigated the integration of 
two different configurations of a novel low temperature CO2 capture technology with a Jenbacher J920 
reciprocating gas engine and has compared the performance with a state-of-the-art MEA absorption 
process. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Capture ratio vs overall pressure ratio in the basic LTA (left). Capture  ratio as function of pressure losses in the nozzle (right) 
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